In tro duc tion With in creas ing con cerns about de ple tion in pe tro leum re sources and en vi ron ment prob lems, driv ing the de mand for high-fuel-ef fi cient en gines, com pres sion ignition en gine has at tracted more and more at ten tion for its high com pres sion ra tios and com bus tion-ef fi cient [1] . But the ni tro gen ox ides (NO x ) and par tic u late mat ter (PM) emis sions of Die sel en gine have led to en vi ron men tal con cerns and in creas ingly strin gent pol lu tion stan dards. Many ad vanced technol o gies have been in ves ti gated to re duce the en gine emis sions [2, 3] . Es pe cially, a lot of improve ments have been achieved in fuel in jec tion sys tems and new com bus tion con cepts such as low tem per a ture com bus tion (LTC) with high rate of ex haust gas re-cir cu la tion (EGR) which is gen er ally ap plied to re duce NO x pro duc tion.
der com bus tion tem per a ture. Such strat e gies can be clas si fied as LTC. The com bus tion tem per atures are re duced by di lu tion of the in-cyl in der mix ture, or with mod er at ing to high lev els of EGR. Quite a lot of lec tures [6] show that the di lute gas by EGR could in crease the fuel-spe cific heat ca pac ity of the com bus tion mix tures, be sides the ox y gen con cen tra tion is also de creased, which fur ther slows NO x for ma tion ki net ics.
Sim u la tion [7] was per formed to an a lyze the com bus tion and emis sion char ac ter is tics of dif fer ent EGR rates. The con di tional tem per a ture at the EGR rate of 68% is be tween 1000 K and 1600 K, while at the EGR rate of 48% the re sults showed con di tional tem per a ture dis tri bution be tween 1000 K and 2200 K. It was also shown that the tem per a ture is the most sen si tive param e ter to sup press NO x . Mont gom ery and Reitz [8] stud ied the ef fect of EGR in a heavy-duty Die sel en gine with EGR lev els vary ing be tween 10% and 25%. Their in ves ti ga tion re vealed that the use of EGR de creases the NO x emis sion by lim it ing the peak heat re lease rate (HRR) due to pre mixed com bus tion, thus low er ing the in-cyl in der tem per a ture.
On the other hand the soot emis sion may in crease for lack of ox y gen if high level of EGR used. The de crease in com bus tion tem per a tures and ox y gen con cen tra tion while in creasing EGR rate re duces both soot pro duc tion in the spray core and soot ox i da tion in the dif fu sion flame around the jet.
Soot for ma tion rate de pends strongly on tem per a ture and on car bon to ox y gen ra tio in com bus tion sys tems. Some studys [9] showed that smaller size or i fice could de press the soot forma tion be cause the mi cro or i fice would de crease the drop let sizes and im prove the air-fuel mixing which can de press the soot for ma tion. Ac cord ing to Gao [10] the re duc tion in or i fice di am eter af fects the fuel spray in dif fer ent ways. First, the spray tip pen e tra tion will be re duced [11] . Sec ond, the drop let sizes will be re duced so they evap o rate quickly [12] , and the mix ing rate between air and fuel im proves [13] . In ad di tion, the flame lift-off length is rel a tively lon ger with de creased or i fice di am e ter [14] . How ever, the other re search ers [15] also ar gued that smaller ori fice di am e ter tends to in crease the ex haust soot be cause the jet mo men tum is lower and the spray pen e tra tion is ex ces sively de creased, air in the pis ton cav ity can not be fully uti lized to produce the well mixed fuel-air gas. Thus the fi nal im pact of die sel noz zle size on emis sions is complex and the re sult of con tra dic tory phe nom ena.
In the con ven tional die sel high-tem per a ture com bus tion (HTC), it is quite dif fi cult to re duce both NO x and soot at the same time [16, 17] be cause of dif fer ent con di tions re quired for re duc tion of each. The in crease of EGR rate (at con stant boost pres sure) is ac com pa nied by an in crease of PM emis sions [4] . Decreasing the noz zle hole size with high in jec tion pres sure adopted could im prove the fuel and air mix ture and de press the soot for ma tion as a re sult. To reduce the NO x and soot emis sion at the same time, the au thors tried to com bine the small die sel noz zle (high in jec tion pres sure) and EGR to gether to im prove Die sel en gine emis sion char ac teris tics. How ever, it is still un clear that the ef fect of noz zle hole size cou pled with dif fer ent EGR ra tio on com bus tion and emis sion char ac ter is tics though many re searches about EGR or noz zle ge om e try and their in flu ence on com bus tion have been done.
For the rea sons, the aim of this study was to show pos si bil ity of NO x and soot emis sion re duc tions of a Die sel en gine us ing dif fer ent EGR ra tios cou pling three dif fer ent size noz zle hole. In this re search, EGR rates rang ing from 0% to 40% were used to re duce the NO x emis sion, and dif fer ent noz zle di am e ters of 0.1 mm, 0.15 mm, and 0.2 mm were adopted to re search their ef fects on pol lut ants for ma tion at low and high EGR rates.
Nu mer i cal ap proach
Dur ing the die sel spray and com bus tion sim u la tion, the ran dom num ber generation k-e model was used to sim u late the tur bu lence flow in the cyl in der [18] . The Kel -vin-Helmholtz-Aero dy nam i cally, Cav i ta tion and Tur bu lence in duced Breakup Model (KH-ACT Breakup Model) and Ray leigh-Taylor Breakup Model (RT Breakup Model) were used to sim u late the fuel at om iza tion and breakup pro cesses. Once the liq uid spray is injected into the com bus tion cham ber, a model is needed to con vert the liq uid into gas eous vapor. Dur ing the sim u la tion, the time rate of charge of drop let ra dius due to va por iza tion is cal cu lated from Frossling cor re la tion. The widely used O'Rourke [19] col li sion and co ales cence model is im ple mented. Ef fects as so ci ated with spray/wall in ter ac tions, in clud ing drop let splash, film spread ing due to im pinge ment forces and mo tion due to film in er tia were con sid ered in the wall-film model. The liq uid at om iza tion and drop lets va por mod els work seamlessly with the SAGE de tailed chem is try solver which is a gen eral com bus tion model used to solve the de tail chem i cal ki net ics in com bus tion cal cu la tions. To re duce the com pu ta tional time, a 76 spe cies re duced C7H16 chem is try mech a nism was adopted. In the pres ent sim u la tion, a per fectly or thogo nal, struc tured grid can be au to mat i cally gen er ated dur ing sim u la tion as shown in fig. 1 . The so phis ti cated mesh ing tech nol o gies au tomat i cally add mesh el e ments when and where they are most needed to min i mize the grid ef fects on the spray and com bus tion re sults.
The KH-ACT breakup model was used to cal cu late the drop let breakup pro cess of high-pres sure solid-cone spray in jec tions which is first pro posed by Som and Aggarwal [20] , and the new die sel spray breakup model takes the aero dy namic-in duced, cav i ta tion-in duced, and tur bu lence-in duced breakup into ac count. The KH-ACT is short for Kel vin-Helmholtz breakup and Aero dy namic-in duced, Cav i ta tion-in duced and Tur bu lence-in duced breakup. The ra tio of length (L A ) and time (t A ) scales for each pro cess is cal cu lated. As seen from eq. (1) rate of de crease in drop let ra dius de ter mines the dom i nant breakup pro cess:
where L T (t) and t T (t) are the length and time scale for the tur bu lence in duced breakup, re spectively. L CAV and t CAV are the length and time scale for the cav i ta tion in duced breakup re spectively L KH and t KH are length and time scale for the aero dy namic in duced breakup. The KH model is used to cal cu late the in stan ta neous length and time scales for ev ery par cel. Dur ing breakup the ra dius of the par ent drop let par cel (r) de creases con tin u ously ac cord ing to the follow ing equa tion un til it reaches the sta ble drop let ra dius (r KH ):
the breakup time t KH is given by:
where B 1 is re lated to the ini tial dis tur bance level on the liq uid jet, W KH and L KH are the max imum growth rate and the cor re spond ing wave length in the de sired dis per sion re la tion given by Reitz (1987) . When it co mes to the tur bu lence in duced breakup model, the tur bu lent fluc tu a tions in the jet are re spon si ble for the ini tial per tur ba tions on the jet sur face. The waves grow ac cord ing to KH in sta bil i ties un til they breakup from the jet sur face. Fol low ing to Huh and Gosman [21] the rel e vant time and length scales for tur bu lence in duced breakup can be cal cu lated:
where e(t) and K(t) are the in stan ta neous tur bu lent dis si pa tion rate and ki netic en ergy re spectively. Be sides C m and C e are tur bu lence model con stants in k-e equa tion.
In the cav i ta tion in duced breakup case, ac cord ing to Bianchi et al. [22] and Amsden et al. [23] , the char ac ter is tic cav i ta tion time scale is cal cu lated as:
Fol low ing Ray leigh Plesset the ory [24] , the bub ble col lapse time can be cal cu lated as:
where R CAV is the ef fec tive ra dius, p v -the fuel va por pres sure, and r l -the fuel den sity. can be ob tained from in ner noz zle flow cal cu la tions. If aero dy namic-in duced breakup pro cess is dom i nant, the KH model is em ployed for pri mary at om iza tion. How ever, if cav i ta tion or tur bulence pro cesses dom i nate then the fol low ing breakup law is ap plied:
The C T,CAV is the model con stant whose value ranges from 0.1 to 1. The new pri mary breakup model, which in cludes the ef fects of aero dy nam ics, tur bu lence, and cav i ta tion, is called KH-ACT breakup model. It has been val i dated by ex per i ment and sim u la tion [20] .
The ex tended Zel'dovich mech a nism as pre sented by Hey wood [25] was used to cal culate NO for ma tion. Soot emis sion is pre dicted us ing a Hiroyasu and Kadota NSC Model [26] . The pro duc tion of soot mass M s (g) within a com pu ta tional cell can be de ter mined from a single-step com pe ti tion be tween the soot mass for ma tion rate & ( / ) M g s sf and the soot mass ox i dation rate & M so ac cord ing to Hiroyasu and Kadota [26] .
where the for ma tion rate is given: In eq. (11), M foam is the mass of the soot for ma tion spe cies, P -the pres sure, R u -the uni ver sal gas con stant, T -the tem per a ture, E sf -the ac ti va tion en ergy, A sf -the Arrhenius pre-ex po nen tial fac tor, MW c -the mo lec u lar weight of car bon, r s -the soot den sity D s -the nom i nal soot par ti cle di am e ter, and R to tal -the net re ac tion rate. The emis sion mod els have been proved to per form in com bus tion and emis sion char ac ter is tics for en gine sim u la tion.
Model val i da tion
In this study the en gine data used for model val i da tion is a YN4100QBZL Die sel en gine. The op er a tion and spec i fi ca tions of the en gine are listed in tab. 1. Fig ure 2 gives a com par i son be tween the ex per i men tal and the cal cu lated cyl in der pres sure for the case no EGR used. It is clear that the sim u la tion re sults match the ex per imen tal date fine, and most of the ma jor charac ter is tics of com bus tion in the ex per i ments could be produced in this simulation.
As for EGR tech nol ogy could be used to re duce NO x , and mi cro-or i fice noz zle has a great ef fect on soot emis sion. In this study, three dif fer ent di am e ter noz zles of 0.1 mm, 0.15 mm, and 0.2 mm cou pled with EGR vary ing from 0% to 40% were ap plied. The ef fect of both noz zle di am e ters and EGR rates on the com bus tion and emis sions are an a lyzed in this re search. To sim u late the case of EGR, as sum ing that in take gas with EGR has a sim i lar com po si tion with ac tual burned gas mix ture of fresh air, ni tro gen, car bon di ox ide, and wa ter va por. The EGR rate can be de fined:
Re sults and dis cus sions

Ef fects of EGR on com bus tion char ac ter is tics
The EGR in volves re in tro duc ing ex haust gases into the in take charge of the en gine. Because the spe cific heats of CO 2 and H 2 O are slightly higher than that of the air, which reduces the com bus tion cham ber tem per a ture dur ing the com pres sion stroke. Be sides the CO 2 and H 2 O pres ent in the ex haust de creases the ox y gen con tent in the in take charge. Both the ther mal ef fect and the di lu tion ef fect of EGR have a great ef fect on the com bus tion and emis sion char ac - ter is tics in the cyl in der. In this study, EGR ra tios used were 0, 5%, 10%, 20%, and 40%. Fig ure 3 shows the cyl in der pres sure and tem per a ture from sim u la tion at dif fer ent EGR lev els. It can be seen that the peak in-cyl in der pres sure de creased dra mat i cally as the EGR ra tio in creases, and so the tem per a ture . Fig ure 4 gives the de creased am pli tude (dp) of the max pres sure (P max ), and tem per a ture (T max ) un der dif fer ent EGR ra tios com par ing to the case with out EGR. The pa ram eter dp can be de fined as fol lows:
where P max (y) and T max (y) are the max i mum of the pres sure and tem per a ture of the com bus tion in cyl in der un der cor re spond ing EGR rate re spec tively, and y re fers to the EGR ra tio used. Because more high spe cific heats mol e cules such as CO 2 and H 2 O also have neg a tive ef fects on the tem per a ture in creas ing, the mean pres sure and tem per a ture de creases as the EGR ra tio in creasing due to the ox y gen con tent de creased. As shown in fig. 3 , both and de creased lin early as EGR ra tio in creas ing from 0% to 40%. The heat re lease rate of the cyl in der for dif fer ent EGR ra tios has been given in fig. 5 . It is clear that the ex haust gas has lit tle in flu ence on the com bus tion char ac ter is tics at low EGR ra tios. The dif fu sion com bus tion and pre mixed com bus tion can be dis tin guished eas ily. With more and more ex haust gas in tro duced into the cyl in der, the heat re leased from both dif fu sion com bus tion and pre mixed com bus tion declined. But the heat re lease rate of pre mixed com bus tion de creases more dra mat i cally, even the pre mixed com bus tion is hardly to dis tinguish for the case of EGR ra tios higher than 20%. One rea son for these phe nom ena may be that the pro por tion of triatomic mol e cules increases when more ex haust gas is re cy cled in the com bus tion sys tem. For the high spe cific higher and the soot formed can be ox i dized faster when the 0.1 mm noz zle was used. As a re sult of above fac tors, its soot emis sion is lower for this noz zle. How ever, more NO x is pro duced in 0.1 mm noz zle com pared with the other noz zles with larger di am e ters ( fig. 9 ). The most im por tant mech a nism for the pro duc tion of NO x is the for ma tion of ther mal NO. The pres ence of atomic ox y gen, formed from mo lec u lar ox y gen at tem per a tures above 2200 K, is the ba sic con di tion for for ma tion of ther mal NO x (Zeldovich reac tion). As is given at fig. 8 , it is eas ier for the 0.1 mm noz zle to pro duce higher tem per a ture gas and more NO x would ap pear at the same time. This dis ad van tage could be re solved by low temper a ture com bus tion (LTC) us ing EGR tech nol ogy.
In flu ence of noz zle di am e ter cou pled with EGR
It was shown that smaller size noz zle (0.1 mm) could de crease the soot ef fec tively, but the NO x emis sion is higher com pared with the 0.2 mm noz zle. In or der to de crease NO x emis sion, EGR com bined with mi cro noz zle was used. Fig ure 10 gives the emis sion char ac ter is tics of 0.15 mm noz zle and 0.1 mm noz zle un der dif fer ent EGR rates. The NO x emis sion de creases as the EGR in creas ing for both 0.1 mm and 0.15 mm noz zles, and the NO x emis sion for 0.15 mm noz zle is always lower than that for 0.1 mm noz zle.
There is a great dif fer ence in soot emis sion be tween the two noz zles. For the 0.15 mm noz zle, the soot emis sion in creases first when the EGR ra tio is lower than 10%. How ever, when higher EGR uti lized, the soot emis sion be gins to de crease as EGR rate grow ing. When it co mes to the 0.1 mm noz zle, the soot formed in creases for the ox y gen con cep tion de creas ing as more and more ex haust gas in tro duced into the cyl in der but still lower than that of 0.15 mm noz zle. To explain these in ter est ing phe nom ena, it is nec es sary to an a lyze the com bus tion de tails. The fig. 11 pro vides the HRR for dif fer ent cases. As shown in fig. 11 , the noz zle hole size and EGR have a great ef fect on Die sel en gine combus tion. For 0.15 mm noz zle, the HRR is lower com pared with the 0.1 mm noz zle. And the max i mum of HRR shows a great sig nif i cant differ ence as the EGR rate in creas ing. Be sides, the [29] shows that most soot formed in the pre mixed com bus tion zone at the be gin ning of com bus tion. So the soot emis sion is de pressed un der higher EGR rate. Be side the am bi ent tem per a ture is lower due to the lower HRR. This is an other im por tant factor influencing the soot emission.
Con clu sions
To re search an ef fec tive method of re duc ing the soot and NO x gen er a tion en gine at the same time, the in flu ence of dif fer ent noz zle di am e ters un der var ied EGR rates on com bus tion pro cesses and emis sion prod ucts of soot, and NO x were care fully stud ied based on the KH-ACT spray model. The main con clu sions are as fol lows: · Smaller nozzle diameter is more beneficial to diesel atomization and leads to an earlier combustion, a higher maximum temperature and the in-cylinder explosion pressure. · Soot emission reduces as nozzle diameter increasing, while NO x showing a contrary tread.
Actually, nozzles with smaller orifice diameters have a much more rapid oxidation velocity therefore less soot produced. · The mass of NO x can be effectively reduced with the EGR rate increasing. For the smaller diameter nozzle (0.1 mm), the formation of soot has a direct relation to the trend of the EGR rate. However, soot emission of larger diameter nozzle (0.15 mm), with the increase of EGR rate, shows a rule of increasing firstly and then decreasing. 
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